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ABSTRACT

ISOLATION AND CHARACTERIZATION OF Bacillus firmus STRAIN SWPA-1
FROM MARCELLUS SHALE FLOWBACKWATER

By
Samir N. Joshi
December 2013

Dissertation supervised by Dr. John Stolz
Flowback water generated during unconventional natural gas extraction in the
Marcellus Shale contains elevated levels of total dissolved solids (TDS). Microbial
growth is stimulated in these fluids during storage in open impoundments. The current
study was conducted to isolate a strain from flowback water enrichment cultures and
characterize it. An isolate was obtained by plate streaking and serial dilution methods and
maintained on a nutrient broth with high TDS. Phylogenetic analysis using the 16S rRNA
sequence revealed that bacterium was most closely related to Bacillus firmus. Strain
SWPA-1 is an aerobic, spore forming, gram-positive, rod capable of growing over a wide
range of salinities (0-12% NaCl). Biofilms enriched in strontium and potassium were
formed at the air-medium interface in liquid cultures that had been incubated for a few
weeks. This study suggests that flowback water harbors microbes well adapted to high
salt conditions uncommon in local fresh water ecosystems.
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Chapter 1 Background
1.1 Unconventional Shale Resource
Increasing demand for natural gas, and depletion of conventional gas reservoirs
has stimulated exploitation of unconventional shale formations for production of natural
gas (Zahid et al., 2007 and Arthur et al, 2008). „Unconventional resources‟ is a term
given to variety of hydrocarbon bearing geologic formations and reservoirs, which
require external stimulation in order to produce economically feasible rates of
hydrocarbons (Passey et al., 2010). Tight gas reservoirs, coalbed methane, and shale gas
are examples of unconventional gas resources (Zahid et al., 2007). The United States has
more than 1,744 trillion cubic feet (Tcf) of technically recoverable natural gas within
shale plays. Some of the plays include Barnett Shale, Haynesville/Bossier Shale, Antrim
Shale, Fayetteville Shale, New Albany Shale, and Marcellus Shale (Kargbo et al., 2010).
The Marcellus Shale is the most expansive shale play in the U.S. It covers large
geographical area including most of Pennsylvania, eastern region of West Virginia, and
some portions of New York, Ohio and Maryland (Kargbo et al., 2010).
Development of hydraulic fracturing technology has made Marcellus Shale a
potential largest play in the United States for natural gas production. Horizontal well
drilling has made recovery of natural gas very economical. The process involves
pumping of high pressure aqueous fluid into the well at a pressure to create fracture in the
shale formation. The stress due to high pressure creates interconnected cracks and
fissures; which facilitates flow of natural gas into the well. After the well is “fracked‟‟ the
pumping pressure is relieved, causing the fluid to rise up toward the surface, this is called
„flowback‟ (Gregory et al., 2011). A single well fracturing in Marcellus Shale utilizes

1

about 2-5 million gallons of fracturing fluid; which constitutes mostly water and sand
(Mohan et al, 2011). The fracturing fluid also contains small amounts of additives like
friction reducers, acids, surfactants, viscosity modifiers and biocides (Gregory et al.,
2011). The flowback water contains the above additives and particularly elevated
amounts of total dissolved solids (TDS), hydrocarbons and metals. Once fracturing of
the well is completed, flowback period starts and continues up to 2 weeks.
Approximately 10-30 % of fracturing fluid returns to surface as „flowback‟ (Mohan et al.,
2011). It is stored in specially engineered surface impoundments before disposal/reuse.

1.2 The Marcellus Shale Geology
Produced water from hydraulic fracturing operations from all shale plays contains
high levels of total dissolved solids; it is prominent but yet unexplained phenomenon
(Blauch et al., 2009). Understanding of shale deposition may help address this question to
certain extent. The Marcellus Shale was deposited about 380 million years ago, due to
crustal loading occurring as a result of fluctuating sea levels and tectonic movements
(Engelder and Lash, 2008). Such movements created deep to shallow evaporate
conditions, where seawater was trapped between layers of sediment which did not allow
complete migration of seawater through pore spaces (Engelder and Lash, 2008).
However, it is believed that the Marcellus Shale was deposited in sunken seabed during
limited seawater influx under anoxic conditions rather than true evaporation process
(Blauch et al., 2009).
Black shale generally contains mineralogic constituents such as quartz, feldspar,
pyrite, mica, clay minerals, sulfides, organic matter, and minor amounts of carbonate,
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phosphate and other accessory minerals (Roen, 1984). However, characteristic dark color
of black shale including the Marcellus Shale is mainly due to rich organic content (Roen,
1984). Organic content of Devonian Shale ranges from 0.5% to nearly 20% (Roen, 1984).
The organic content of black shale in Appalachian basin is believed to be constituted
from marine as well as terrestrial sources (Roen, 1984). In the areas of primary
productivity bacteria and fungi rapidly degrade organic compounds creating oxygen
depletion benthic environments during deposition (Riding and Swarmik, 2000). Rapid
microbial degradation and high brine concentration create dead-zones, preserving organic
material (Blauch, 2009). Due to density difference water column is stratified, further
facilitating anoxic conditions in benthic zone (Baluch, 2009). This environment with high
organic content and low-oxygen tension harbors various life habitats, and metabolic
pathways close to the redox boundary (Riding and Swarmik, 2000). Anaerobic
heterotrophic bacteria dominate organic carbon degradation below the redox boundary on
the water column (Riding and Swarmik, 2000). Metabolically they may be facultative or
obligate anaerobes; utilizing degraded organic compounds formed by metabolism of
aerobic bacteria. Electron acceptors such as sulfate, nitrate, bicarbonate or carbon dioxide
can be used for anaerobic respiration (Riding and Swarmik, 2000).

1.3 Fracturing Fluid and Flowback Water Composition
Hydraulic fracturing is a sequenced operation utilizing millions of gallons of
water-based fracturing fluid containing proppant material, pumped in the target formation
in a controlled manner (Arthur et al., 2008). In the Marcellus Shale, water based or slick
water fracturing fluids are used for fracturing purposes. Major component of these fluids
3

is water with multiple functioning additives. Table 1.1 summarizes major additives,
commonly used compounds, and their purpose in the fracturing fluid:
Table 1.1: Fracturing fluid compounds and main additives (commonly used)
(Source: Arthur et al., 2008, Murphy and Ramudo, 2010)
Additive
Acid

Main Compound
Hydrochloric acid or muriatic
acid

Purpose
Dissolving sand/minerals to initiate
cracks in the formation

Biocide

Glutaraldehyde

Controlling bacterial growth

Breaker

Sodium chloride

Corrosion
inhibitor

N,n-dimethyl formamide

Delaying breakdown of gelling
agent
Preventing corrosion in steel
equipment

Friction reducer

Petroleum distillate

Gel

Reducing friction between fluid and
pipes
Guar gum or hydroxyethyl Increasing viscosity of fluid
cellulose

Iron control

2-hydroxy-1,2,3propanetricarboxylic acid

Preventing
precipitation

metal

Oxygen
scavenger

Ammonium bisulfate

Removing
corrosion

Proppant

Silica, Quartz sand

Preventing fracture closure

Scale inhibitor

Ethylene glycol

Reducing salt deposition on pipes

pH adjuster

Potassium or Sodium carbonate

Maintaining pH for functioning of
crosslinker

oxygen

oxide
to

prevent

Once the well is fractured, the pumping pressure is released and the fluid starts to
flow backwards to the surface though the well casing (Arthur et al., 2009). This is
termed as flowback and it may continue from days to a couple of weeks. Multiple
studies have been conducted to analyze composition and characteristics of flowback
water in southwestern Pennsylvania. These studies include the Palmerton
Environmental Group (for Pennsylvania Department of Environmental Protection),
industry (Blauch et al., 2009) and academic research (Eastham, 2012). Their data
4

suggest that flowback water has particularly high levels of TDS in the form of
chloride salts. Major ions include chloride, calcium, sodium with significant amounts
of barium and strontium. According to study of the Palmerton group, flowback water
also contained low levels of heavy metals like arsenic, lead, chromium, selenium,
silver, lithium, and zinc; which were either not detected or present in lower
concentrations in fracturing fluid.
Proposed hypotheses for high levels of TDS in flowback water suggest that it may
be a result of dissolution of shale content as a result of acid or due to mixing with
brine solution prevailing in the Marcellus Shale formation (Blauch et al., 2009). A
study conducted by Rose et al., 2013 suggested that the chemistry of later stage
flowback water was similar to in-situ brine typically found in conventional oil and
gas wells. However, no conclusive data is available specifically indicating the source
of high TDS in flowback water from the Marcellus Shale.
Hydraulic fracturing operations and flowback water are associated with rising
public health concern and a new regulatory challenge. Potential environmental
impacts on surface and ground water quality, increasing demand for fresh water, and
safe disposal of wastewater are some of many reasons of concern (Blauch et al,
2009). Recently, elevated levels of chloride were observed as an indicator of elevated
TDS levels in Monongahela River (Rose et al., 2013). This poses a unique problem in
disposal of flowback water in Pennsylvania region, as underground injection wells
are limited in capacity. Currently no water treatment facility is equipped to treat
highly saline flowback water. Increasing fracturing activity and shrinking discharge

5

limits due to additional regulations pose a serious economic and technological
challenge for operators (Blauch et al, 2009).
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Table 1.2: Flowback water analyses for Marcellus shale play in southwestern
Pennsylvania (Data compiled by Eastham, 2012)
ND- not detected; NA- not available; BDL- below detection limit

Specific
Conductivity
pH
Alkalinity
Sulfate
Nitrate
TDS
Bromide
Chloride
Barium
Calcium
Iron
Magnesium
Potassium
Strontium
Sodium

Metals:
Arsenic
Lead
Lithium
Silver
Selenium
Chromium
Zinc

Unit

PADEP-Water Analysis
Palmerton Group 2010

Blauch et al.2009 Eastham, 2012

Umhos/ 8,740 - 570,000
(µS/cm)
5.5 -7.8
mg/L
37 - 577
mg/L
3.1 - 348
mg/L
NA
mg/L
5,090 - 264,000
mg/L
35.5 - 1,600
mg/L
2,460 - 181,000
µg/L
0.243 - 5150
mg/L
11.6 - 16,4000
µg/L
0.192 - 242
mg/L
1.84 - 1,380
mg/L
0.177-2,820
mg/L
9.58 - 5,410
mg/L
0.58 - 64,900

µg/L
µg/L
µ/L
µg/L
µg/L
µg/L
µg/L

NA
6.0
880
24
NA
NA
NA
60,925
87,000
8,360
70 (mg/L)
524
1,288
1,441
30, 503

0.112-14
0.003 - 0.596
0.0338 - 201
0.0007-0.123
ND – 0.0956
0.0075-0.359
0.0257-2.93

NA
NA
NA
NA
NA
NA
NA
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102,864 (µS/cm)
5.38
NA
8.64
ND
NA
255.14
30682. 99
204.39
19016.49
117.38
1412. 20
188.20
2198.18
37965.01

BDL
BDL
79.03
BDL
BDL
BDL
BDL

1.4 Microbiology and Microbial Diversity of Produced Water
Produced water from the Marcellus Shale contains high levels of TDS, hence it
plays significant role in determining type of microbes that grow in it. High total organic
enriched organic matter, biodegradable polymers, heavy metals, and salts provide a
unique habitat for halophilic and/or halotolerant microorganisms (Struchtemeyer and
Elshahed, 2011). In oil and gas fields, microbial contamination of fracturing fluids causes
a number of serious problems (Fichter et al., 2008). Some of the most common problems
due to microbial activity in oil and gas industry include altered fate of heavy metals,
formation of odorous, toxic compounds, and biocorrosion of equipment; leading to
difficulty in wastewater management, and increased cost of production (Mohan et al.,
2013).
Multiple sources have been suggested for introduction of microorganisms in the
drilling process. One possible route of entry is through water used for making fracturing
fluid (Fichter et al., 2008). Even then bacteria would have to survive higher salinities and
biocide treatment, generally performed before pumping the fluid down-hole. Another
suggested source is drilling mud used for fracturing wells (Struchtemeyer et al., 2011).
Drilling muds are prepared from prepacked powdered compounds which may serve as
carbon and sulfate sources for growth of microorganisms (Struchtemeyer et al., 2011).
After fracturing, significant portion of mud remains in the formation. This may serve as
inoculum for proliferation of exogenous microorganisms deep in the formation
(Struchtemeyer et al., 2011). It is also possible that stimulation promotes growth of
microbial population native to the formation (Eastham, 2012). Deeper in the Marcellus
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Shale temperature may range from 35-51° C (Kragbo et al., 2010), which seems to be
feasible for growth of microbial communities.
Recently, microbial community analysis was completed on flowback water
samples from hydraulic fracturing operations in the Marcellus Shale for recovering
natural gas. The study compared microbial populations developing at different depths in
impoundments managed using different pretreatment strategies (Mohan et al., 2013).
Their results reveal that microbial communities in impoundments were diverse, most
dominant ones being haloterant species among α- and γ- subdivisions of Proteobacteria
and Firmicutes. Many species of these communities are previously identified in oil and
gas produced waters (Stuchtemeyer and Elshahed, 2011, Mohan et al., 2013).
Predominance of halotolerant species suggest that, high salinity of flowback water
impoundments may preclude colonization of freshwater species introduced from source
water or environmental factors such as precipitation or air (Mohan et al., 2013). Bacterial
communities also varied with depth and management strategy (untreated, biocide
amended, pretreated and aerated), indicating that geochemical and ecological factors such
as temperature, salinity, oxygen tension, and fluid properties could impact microbial
population diversity.
Alphaproteobacteria dominated surface depths of untreated impoundment and all
depths in pretreated and aerated impoundment (Mohan et al., 2013). The sequences were
closely associated with genus Roseovarius; these species are known for their organic
iodine oxidation capabilities in presence of oxygen. A study by Lim et al., 2011, showed
that formation of elemental iodine by populations of Iodine Oxidizing Bacteria may have
bactericidal effects limiting bacterial population diversity in wastewater from natural gas
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production plant. Gammaproteobacteria prevailed in middle and bottom depths of
untreated impoundment and significant in surface depths of biocide amended
impoundment. Majority of sequences in γ-proteobacteria, were most similar to genus
Marinobacter isolated from oil fields (Mohan et al., 2013). Species of this genus are
reported to utilize hydrocarbons and other aromatic compounds. They may be strict
aerobes (Marinobacterium georgiense strain KW-40) or facultative aerobes (M.
hydrocarbonoclasticus) (Mohan et al., 2013). Clostridia constituted a major fraction of
communities in biocide amended impoundment, sequences closely similar to
Halanaerobium congolense isolated from African oil fields (Mohan et al., 2013).
Members of genus Halanaerobium are fermentative halophiles, shown to ferment
saccharides to H2, CO2, and acetate (Mohan et al., 2013).
Multiple sulfidogenic taxa were identified in untreated and biocide amended
impoundments including H. congolense, Thermotogae, and Desulfobacter halotolerans
(Mohan et al., 2013). Sulfidogenic taxa found in the study conducted by Mohan et al. in
2013 may utilize variety of sulfur compounds such as sulfates, elemental sulfur,
thiosulfate, and sulfite; a finding consistent with a report on microbial populations
analyzed in Barnett Shale in Texas (Mohan et al., 2013). Untreated and biocide amended
impoundments also showed presence of fermentative species such as Clostridia,
Thermotogae and Synergisita (Mohan et al., 2013). Fermentation by microbes results in
production of organic acids such as acetic acid. Sulfidogenic bacteria and acid producing
bacteria (APB) are of significant concern to industry due to problems of hydrogen
sulfide, iron sulfide production, and microbially influenced corrosion (Fichter et al.,
2008). Also, hydrogen sulfide poses a risk for human health, and aesthetics (Mohan et al.,

10

2013). Archea were detected in untreated and biocide amended impoundments (Mohanet
al., 2013). Sequences obtained were affiliated to Methanoplanus, Methanophilus,
Methanocalculus, and Methanolobus; which are identified in variety of oil and gas plays
as halophilic, methylotrophic, and hydrogenotrophic methanogens (Mohan et al., 2013).

1.5 Halophilic and Halotolerant Microorganisms
Microbial studies in many oil and gas plays like Barnett, Marcellus, and Antrim
plays show that produced water harbors wide variety of halophilic microorganisms
capable of surviving in high TDS environments (Struchtemeyer and Elshahed, 2011,
Mohan et al., 2013, Kirk et al., 2012). Halophilic organisms include Archea, and bacteria
capable of growth in wide variety of hypersaline habitats (DasSarma and DasSarma,
2012). Halophiles can be classified depending on their sodium chloride requirement as
slightly, moderately, or extremely halophilic organisms (DasSarma and DasSarma,
2012). Halotolerant organisms can grow in presence of high salinity, but it is not a
requirement for their growth (DasSarma and DasSarma, 2012). An environment is
considered hypersaline if it contains NaCl in excess of sea water (3.5%); further they are
classified as thalassic and athalassic (DasSarma and DasSarma, 2012). Most of
hypersaline bodies are thalassic as they are formed due to evaporation of sea water and
contain relative proportions of sea salts (DasSarma and DasSarma, 2012). The major
portion of TDS is sodium and chloride, but it also includes high levels of potassium,
calcium, magnesium, and other metal ions; pH is near neutral (Edwards et al., 1989 and
Stackebrandt et al., 1993). Slight halophiles grow optimally in the 2-5% NaCl range.
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Moderate halophiles grow best in 5-20% NaCl and extreme halophiles require 20-30%
NaCl for optimal growth (DasSarma and DasSarma, 2012).
Halophiles can be broadly classified into three domains namely: Archea, Bacteria
and Eukarya (Oren, 2002). Halophilic archea or the order Halobacteriales are extreme
halophiles abundant in hypersaline environments of Dead sea and many soda lakes
around the world (Oren, 2002). Some species like Halorhabdus tiamatea are capable of
tolerating high temperatures in addition to extreme salinity, also known as
polyextremophiles (DasSarma and DasSarma, 2012). Halophilic bacteria can be
subdivided into multiple branches such as Proteobacteria, Cyanobacteria, the
Flavobacterium Cytophaga group, the Spirochetes, and the Actinomycetes (Oren, 2002).
Gram-positive firmicutes are found in aerobic (e.g. Bacillus) as well as anaerobic
branches (Oren 2002). A variety of fermentative, sulfate reducing bacteria, and
methanogenic archea are found in hypersaline environments, which are of interest to oil
and gas industry.
In order to survive and grow in hypersaline conditions, halophiles and
halotolerant organisms need to establish osmotic equilibrium across the membrane and
adjust osmotic strength of cytoplasm at least equal to surrounding medium (Galinski and
Truper, 1994). Halophiles have developed a variety of osmotic adaptations to high
salinity in their environment (Qurashi and Sabri, 2007). In all studies of microorganisms
excess sodium ions are excluded from the microorganism cell using Na+/H+ antiporters,
even though reason for this transport is unclear (Oren, 2002). There are two main ways to
maintain osmotic balance. The first mechanism is usually found in members of
Halobacteriaceae. They maintain osmotic pressure by accumulation of K+ and Cl- ions in
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concentrations similar to salt concentration in surrounding medium (Galinski and Truper,
1994). Archea, fermenting and/or acetogenic anaerobes like (Haloanaerobium,
Acetohalobiumspecies), and sulfate reducers (Desulfovibrio halophilus, Desulfohalobium
retbaense) are some examples using this mechanism (Galinski and Truper, 1994). The
second type of osmoadaptation involves accumulation of compatible solutes in the
cytoplasm to maintain osmotic balance, a mechanism wide-spread among eubacterial
halophiles (Galinski and Truper, 1994). Compatible solutes used for this purpose range
from glycerol, amino acids, derivatives such as glycine betaine, and ectoine, latter two
being most common among bacteria (Oren, 2002, Galinski and Truper, 1994).

1.6 Microbial Populations: Problem for Oil and Gas Industry
Why is microbial study in oil and gas sector so important? Microbiology is a key
factor in petroleum industry operations, including upstream segments like reservoir
microbiology, enhanced oil recovery, problems of reservoir souring, and downstream
stages such as product storage, produced water management, also including positive
impact due to bioremediation (Energy institute, UK).
Microbially Influenced Corrosion and Bioplugging
Iron is a relatively inexpensive metal; finds its use in wide variety of industries
including oil and gas industry in drilling pads, refineries, gas-fractioning plants, pipeline
systems, and exporting terminals (Uchiyama et al., 2010, AlAbbas et al., 2012). The
corrosion of iron products leads to great economic damages, about 276 billion dollars
annually in the United States alone (Mori et al., 2010). Iron corrosion can not only occur
due to pure physicochemical reaction, but also by microbial metabolic processes (Mori et
13

al., 2010). Corrosion due to biological phenomenon is also termed as microbiologically
influenced corrosion (MIC), responsible for about 10% of total damage by metal
corrosion (Mori et al., 2010). MIC results in pitting, crevice corrosion, cracking, and
dealloying, even though there is no defined type of corrosion (AlAbbas et al., 2012). MIC
is believed to be responsible for about 75% of total corrosion in productive oil wells, and
more than 50% of pipeline system failures (AlAbbas et al., 2012). It was also one of the
two major factors for shutdown of the major Alaska Prudhoe Bay oil field pipeline in
2006 (AlAbbas et al., 2012). Conventional natural gas field are usually not at great risk
from MIC problems, but large amount of treated produced water is used as fracwater puts
unconventional gas reservoirs at high risk like other oil reservoirs (Kuijvenhoven and
Wang, 2011). Structures like concrete pipes, stonework, and cooling towers are also
degraded by high concentration of sulfuric acid and low pH as a result of aerobic growth
of microorganisms like Thiobacilluspp (Hamilton, 1985). Sulfate reducing bacteria
(SRB) are considered a major reason for anaerobic corrosion at iron surfaces (Uchiyama
et al., 2010). Corrosion is an electrochemical phenomenon; many theories are proposed to
explain mechanism of this process. Van Wolzongen Kuhr and Van Der Vlugt (1934)
were the first ones to explain microbiologically influenced by SRB under anaerobic
conditions. According to this theory, anode produces Fe2+ and electrons which are
consumed at cathode. Under anaerobic conditions H+ from water is reduced to hydrogen
gas at cathode (Mori et al., 2010). SRB present in biofilms near metal surface consume
this hydrogen, facilitating further dissolution of metal, and their metabolic products are
deposited as FeS (Mori et al., 2010). In theory, all hydrogen consuming bacteria can
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promote corrosion, but this still needs to be proven (Mori et al., 2010). Figure 1.2
explains microbiologically influenced corrosion in schematic format.

Figure 1.1 MIC under anaerobic conditions by sulfate-reducing bacteria.
I. Iron dissolution, II. Dissociation of water, III. H+ ion reduction, IV. Microbial
sulfate reduction, and V. Iron sulfide deposition (Source: Mori et al., 2010)

Biocide Resistance
Biocides are used in multiple stages during fracturing operations. Commonly used
compounds include gultaraldehyde, isothiazolin, tetrakis (hydroxymethyl)
phosphoniumsulfate (THPS), 2, 2-dibromo-3-nitrilopropionamide (DBNAP), and a blend
of gutaraldehyde and alkyldimethylbenzylammonium chloride (Fichter et al., 2008 and
Elshahed et al., 2012). Initially, biocides are added to fracturing fluids (approximately
0.001%) to prevent degradation of viscosity building polymers; ensuring proper
functioning of fracturing fluids (Arthur et al., 2009, Elshahed et al., 2012). Due to reuse
of flowback water in unconventional extraction, biocides are also added to flowback
15

water stored in impoundments to prevent establishment of bacterial problems (Mohan et
al, 2013). In spite of addition of biocides bacterial communities establish in well heads,
formation, pipelines, and impoundments for storage of flowback water (Elshahed et al.,
2012). Several potential causes are identified for bacterial contamination in produced
water along with wells. Due to large volumes, fluids are often stored in open pits or
impoundments exposed to the atmosphere and precipitation (Fichter et al., 2008).
Flowback water is often reused for fracturing operations, increasing bacterial
contamination and promoting growth of biocide resistant microorganisms (Mohan et al.,
2013). Biodegradation is another possible reason for reduced efficacy of biocides in
flowback water (Mohan et al., 2013). A study by Elshahed et al., 2012 also concluded
that most biocides used by the industry are less effective in the presence of high levels of
organic content (>10 mg/L) in flowback water.
Bacterial resistance to biocides is a well-known phenomenon; it depends on
multiple factors such as temperature, pH of surrounding medium, nutrient limitation and
the type of organism (Morton et al., 1998). There are two main mechanisms by which
bacteria exhibit biocide resistance, namely intrinsic and acquired resistance (Morton et
al., 1998). Acquired resistance is specific to a chemical agent or selection of resistant
organisms from a population, resulting due to plasmid transfer or transposon coding gene
in the bacterial cells (Morton et al., 1998). However, intrinsic resistance is considered
more important mechanism in natural environments (Morton et al., 1998).
(a) Morphological Factors
Certain types of Gram-positive bacteria such as Bacillus and Clostridium species form a
dormant, resistant morphological form termed an endospore (Leggett et al., 2012).
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Bacterial spores are highly resistant to physical and chemical biocidal treatments (Leggett
et al., 2012, Morton et al., 1998). Bacterial spores are studied by many researchers owing
to their importance in food industry (e.g. Bacillus cereus) and pathogens in health care
(e.g. Clostridium difficile) (Leggett et al., 2012). The resistance is attributed to a
combination of structural, chemical, and biochemical aspects of spores (Leggett et al.,
2012). In general, Gram-negative bacteria show greater resistance to antimicrobial
agents due to an extra cellular membrane acting as a barrier to entry of biocides (Morton
et al., 1998).
(b) Biofilms
Densely packed multicellular layers of microorganisms constitute a biofilm
attached to a surface or an interface (Morikawa, 2005). These biofilms may be composed
of cells of individual species or bacterial communities. Biofilm growth is promoted by
certain environmental factors such as limited nutrient availability, oxygen deficient
conditions (Morton et al., 1998 and Morikawa, 2005). Biofilms are held together by large
amount of exopolysacchride material (EPS) secreted by bacteria (Leggett et al., 2012).
Microorganisms within the biofilm are more resistant to antimicrobial agents as
compared to their planktonic counterparts as established by many previous studies
(Morton et al., 1998). Several mechanisms are suggested by researchers for biocide
resistance of biofilms. One of the possible reasons is extensive amount of EPS present in
biofilms, which may act as a barrier preventing biocide penetration (Morton et al., 1998).
This is contradicted by studies suggesting that channels inside the biofilm have access to
bulk phase fluids, making biocides available (Morton et al., 1998). Another suggested
reason is sessile physiological state of the cells in biofilms compared to cells in
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planktonic phase (Morton et al., 1998). Sessile cells live longer resulting in prolonged
contact with biocides sensitizing them (Morton et al., 1998). Increased secretion of
catabolic enzymes can degrade biocides reducing its effectiveness and non-living
components such as EPS can inactivate antimicrobial agents chemically or physically
(Morton et al., 1998).
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Chapter 2 Aims and Hypothesis
2.1 Specific Aims and Hypothesis
Molecular studies on isolated bacterial species would provide information on the
source of the organism and reveal phylogenetic relationship with similar bacteria found in
different environments. Flowback water from unconventional shale gas extraction has
salinity in the range suitable for moderate halophiles; hence the isolated species is
expected to be of halophilic nature. Characterization of the bacterium isolate would help
to understand the ability to grow in high TDS conditions of Marcellus flowback water.
Analysis of biofilm/precipitate would help to understand changes in flowback water
chemistry due to microbial activity. This could be important for better management
flowback water for reuse or safe disposal.
Some studies have been conducted evaluating overall community characteristics
found in produced water from the Marcellus Shale, but no known study has focused on
isolating individual members of the community for studying their physiological
characteristics. This study focused on a single microbial species isolated from enrichment
cultures obtained from flowback water sample. First of all a suitable medium was
selected from literature, based on bacterial species identification from preliminary 16S
rRNA sequencing results. Physiological characteristics were evaluated to identify
specific carbon source utilization, possible causes for biocide resistance, and adaptation
mechanism for survival in high TDS environment.
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Hypothesis: The isolated bacterial species will be expected to be halophilic (moderate to
extreme) or halotolerant, and the organism will show special physiological characteristics
for growing in high TDS medium. Due to oxygen poor conditions downhole, the isolated
bacterial species is expected to be a facultative anaerobe or fermentative.
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3. Materials and Methods
3.1. Sample and Media Preparation
Enrichment cultures were prepared in FRAC medium using flowback water
samples from southwestern Pennsylvania by Lucas Eastham, Duquesne University, 2012.
These cultures were used to isolate single bacterial species by serial dilution and streak
plating methods.
Media Formulations
For Enrichment cultures: FRAC medium designed by Eastham (2012) contained (per
liter): 1.0 g yeast extract (Fisher), 60 g NaCl, 1.2 g KCl, 1.0 g NH4Cl, 0.5 g KH2PO4,
2.75 g SrCl2, 0.15 g BaCl2, 0.01 g FeCl2, 4.2 g NaHCO3, 1.0 g yeast extract, 2 mL 500x
vitamin mix, and 2 mL of 500x mineral mix.
For making solid media 15 g agar was added to above FRAC medium.
The 500x vitamin mix was composed of following compounds in one liter of DI water:
2 mg biotin, 2 mg folic acid, 10 mg pyridoxine HCl, 5 mg riboflavin, 5 mg thiamine, 5
mg nicotinic acid, 5 mg pantothenic acid, 5 mg p-aminobenzoic acid, 5 mf thiotic acid,
and 0.1 mg vitamin B12. The 500x mineral mix consisted of following ingredients in one
liter of dI water: 1.5 g nitriloacetic acid, 3 g MgSO4.7H2O, 0.444 g MnCl2.4H2O, 1.0 g
NaCl, 67 mg FeCl3.6H2O, 100 mg CaCl2.2H2O, 100 mg CoCl2.6H2O, 274 mg
ZnSO4.7H2O, 10 mg CuSO4.5H2O, 10 mg AlK(SO4)2, 10 mg Boric acid, 25 mg sodium
molybdate, 24 mg NiCl2.6H2O, and 25 mg Na2WO4.
The medium was slightly heated on hot plate to dissolve all salts. Medium was acidified
before addition of calcium chloride and sodium bicarbonate to prevent precipitation of
calcium carbonate. Sterilization of medium was carried out by autoclaving or vacuum
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filtration. Heat labile materials such as vitamin mix and mineral mix were added after
cooling using 0.22 µm syringe filters to prevent degradation.
For Isolated organism: Nutrient broth medium supplemented with modified artificial
seawater (NB-ASW) (Kim et al, 2007) containing (per liter): 8.0 g nutrient broth, 100.0 g
NaCl, 5.94 g MgSO4, 4.53 g MgCl2, 0.64 g KCl, 1.3 g CaCl2, 0.21 g NaHCO3. For the
biofilm experiment MgSO4 was removed from the basal medium, BaCl2 (150 mg),
SrCl2.6H2O (2.75 g), and FeCl2.3H2O (100 mg) were added to the NB-ASW medium.
All media were adjusted to pH 6-6.5 using 1 M NaOH solution. Medium sterilization was
carried out using sterile filtration units.
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Table 3.1: FRAC and NB-ASW medium ionic composition
FRAC Medium (1000 mL)

Chloride (g/L)

Cation (g/L)

60 g

NaCl

36

1.2 g

KCl

0.5

0.7

8g

CaCl2

5.1

2.9

1g

NH4Cl

0.66

0.33

1g

MgCl2

0.75

0.25

0.5 g

KH2PO4

150 mg

BaCl2

0.05

0.10

100 mg

FeCl2

0.53

0.47

0.68

0.93

2.75 g

SrCl2.6H2O

4.2 g

NaHCO3

23.8

1.15

Source: ( Eastham, L., 2012)

Modified NB-ASW Medium

Chloride (g/L)

Cation (g/L)

(1000 mL)
100 g

NaCl

60

40

4.53 g

MgCl2.6H2O

3.27

1.12

5.94 g

MgSO4.7H2O

0

0.58

0.64 g

KCl

0.26

0.38

1.3 g

CaCl2

0.21 g

NaHCO3

0.83

0.47
0

0.058

Source: (Kim et al., 2007)
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3.2. 16SrRNA Gene Sequencing and Phylogenetic Analysis
Bacterial Genomic DNA Extraction Protocol
Genomic DNA was extracted using a modified phenol-chloroform-IPA protocol
(Eastham, 2012) for molecular profiling. Bacterial culture in its late log-phase was used
for extraction. A compact pellet was obtained by spinning in centrifuge at 7000 rpm for
10 minutes. Separated pellet was washed twice with 1 mL TE buffer (1 mM Tris, 500
mM EDTA, pH 8) and resuspended into 494 µL of TE buffer. 10% SDS, freshly prepared
lysozyme solution (100 mg/mL), and solution (50 mg/mL) were added to achieve final
concentrations of 0.5% SDS, 12 mg/mL of lysozyme and 20 µL/mL RNase. The mixture
was incubated for 45 minutes at 37° C with gentle shaking. Protease K was then added to
achieve concentration of 100 µg/ml; mixed thoroughly and incubated for 30 minutes at
37° C. The lysate was transferred to microcentrifuge tube and approximately equal
volume (0.6-0.7 mL) of TRIS buffered phenol and chloroform (1:1) was added with
thorough mixing. The mixture was centrifuged for 10-15 minutes at 1200 rpm. The
supernatant was transferred to a new microcentrifuge tube and above step was repeated.
The aqueous supernatant with DNA was properly mixed with chloroform: IAA (24:1)
and separated by centrifugation.
Dissolved DNA was precipitated using 5M NaCl (final concentration of 0.2M
NaCl) and isopropanol (0.6 volumes). White stringy precipitate of DNA was pelleted by
brief centrifugation at 12000 rpm at room temperature. The pellet was washed with 1 ml
of 70% ethanol and centrifuged to get a pellet. The DNA sample was resuspended in 50
µl of sterile NANOpure water and stored at -20º C.
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DNA concentration was determined by using the Invitrogen (Grand Island, NY, USA)
Qubitflurometer.

16S rRNA Gene Sequencing and Analysis
(a) Initial 16S PCR
Comparison of 16s rRNA sequences is a very effective tool for taxonomical identification
and deducing phylogenetic relationship (William et al, 1991). Universal primers 8F and
1492R were used to obtain bacterial 16S gene sequence of about 1400 bp (Edwards et al.,
1989 and Stackebrandt et al., 1993).
Initial PCR for 16S gene amplification was carried out using 25 µL of 2x Taq Phenix
Mastermix (Phenix Research Products, Candler, NC), 1 µL each of 25 pM 8F and 1492R
primers, 3 µL of DNA sample (about 20 ng) and 20 µL of NANOpure water for a 50µL
reaction. Polymerase Chain Reactions (PCR) were run on a Techne thermocycler (Techne
Incorporated, Princeton, NJ, USA). Conditions for reactions were as follows:
denaturation at 95ºC for 2 mins, followed by 45 cycles of denaturation at 95ºC for 40
seconds, annealing at 55ºC for 30 seconds, extension at 72ºC for 90 seconds and final
extension at 72ºC for 5 minutes. The amplification was confirmed by running PCR
product on 2% agarose gel.
(b) Ligation and Cloning Reaction
pCR4®-TOPO TA cloning kit was used for cloning reaction (Invitrogen, Grand
Island, NY, USA). The reaction set-up consisted 1 µL MgCl2 solution, 2 µL nuclease
free water, 1 µL of TOPO vector, and 2 µL of PCR product to make 6 µL total reaction
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volume. The reaction was incubated at room temperature for 5 mins. 2 µL ligated vector
was then transformed into TOP 10 Chemically competent Escherichia coli cells. The
cells were incubated on ice for 5 to 30 minutes before heat shocking at 42ºC for 30
seconds and immediately transferred back to ice. Then, 250 µL of SOC medium was
added to the vial and kept for 1 hour at 37ºC on horizontal shaker. SOC medium contains
tryptone (pancreatic digest of casein, 2% w/v), yeast extract (0.5% w/v), sodium chloride
(8.6 mM), potassium chloride (2.5 mM), magnesium sulfate (20 mM), and glucose (20
mM). Two agar plates with ampicillin (100 mg/L) were spread with 20 µL and 50 µL of
transformed cells each and incubated overnight at 37ºC.
(c) Colony PCR
16-20 colonies were picked up using sterile toothpicks and resuspended into 50
µL of nuclease-free water. Colonies were lysed at 90ºC for 5 minutes in the thermocycler.
The lysate was used for colony PCR experiment. The plasmid insert was amplified using
M13 forward and reverse primers. These primers are specifically designed for inserts
with pCR™4-TOPO® vector, hence avoiding amplification of genes from host cell
DNA. The PCR reaction consisted of colony lysate (10 µL), 2x Taq Master Mix (25 µL)
(Phenix Research Products, Candler, NC), M13 primer forward and reverse (3.2 pmol),
and nuclease free water (13 µL). The conditions for colony PCR were as follows: initial
denaturation at 95ºC for 5 mins, and 30 cycles of denaturation at 95ºC for 30 seconds,
annealing at 55ºC for 30 seconds, extension at 72ºC for 2 minutes, followed by final
extension at 72ºC for 10 minutes. The product was column cleaned by centrifugation at
850 x g. The columns were made up of sephadex G-50 (Sigma-Aldrich, Milwaukee,
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USA). The product was run on 2% agarose gel to check length of amplified template and
relative band intensity to predict concentration.
(d) Sequencing Reaction
After cleaning the colony PCR product was subjected to sequencing reaction
using Big Dye Terminator v3.1 (Applied Biosystems, Foster City, CA, USA). The
reaction mixture consisted of 5x big dye buffer (4 µL), big dye RR-100 (3 µL), forward
or reverse primer of insert (3.2 pmol), template (about 20 ng), and nuclease free water to
bring the reaction volume to 20 µL. The reaction conditions were as follows: denature at
95ºC for 1 minute, followed by 75 cycles of incubation at 95ºC for 30 seconds, 50ºC for 5
seconds, and 60ºC for 4 minutes; then final hold at 4ºC. The reaction products were
cleaned using sephadex G-50 columns by centrifuging at 850 x g for 4 minutes. Cleaned
sequencing products were denatured at 95ºC for 2 minutes before running on an ABI3130 genetic analyzer (Applied Biosystems, Foster City, CA, USA).
(e) Phylogenetic Analysis
The data obtained from ABI-3100 was processed initially using the GeneMapper
software program (Applied Biosystem, Foster City, CA, USA). Sequences were scanned
and trimmed for vector using DNATSTAR software and exported in .fasta file format
(Madison, WI, USA). The .fasta file was uploaded in ClustalX program and multiple
alignment function was used for alignment of sequences. Ends were trimmed to obtain
aligned sequences of same length (about 1400 bp) which codes for partial sequence of
16S gene. The Basic Local Alignment Search Tool (BLAST) was used to find matches of
bacterial sequence available in the BLAST database. 5 closest relatives were selected
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(>98% max indent scores) and a text file was created in the format (.seq) compatible with
that of ClustalX. The database sequences were then aligned with experimentally obtained
sequences in ClustalX and trimmed to adjust length of all sequences. This file with
combined sequences was used to create neighbor joining tree in MEGA5 software
program.
3.3 Growth Experiments
Aerobic Growth Experiments
After isolation the bacterium was grown on NB-ASW medium and tested under
different conditions of carbon source, pH, salinity and temperature. All experiments were
done in triplicates and cultures incubated at 37º C without shaking unless mentioned
otherwise. Blank cultures were used for all experiments. For measurements 1 mL of
culture was used at 0, 24, and 48 h time points. Additional readings were taken up to 7
days (24 h intervals) for carbon source experiment. The readings were taken at 600 nm on
a Perkin-Elmer (Waltham, MA, USA) Lambda dual-beam spectrophotometer (Stolz et
al., 2007).
A growth curve was established on basal medium NB-ASW to optimize duration
of measurements for growth experiments. The cultures were shaken horizontally at gentle
speed. Optical density was measured at 0, 3, 7, 12, 24, 30, 33, 48 and 56 h time points.
Carbon sources were tested under aerobic conditions. Cultures were prepared in 0.04%
nutrient broth instead of 0.8% nutrient broth for carbon source experiment. The medium
was amended with 10 mM of glucose, fructose, glycerol, ribose, sucrose, pyruvate,
acetate, and lactate separately in 15 mL test tubes.
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Since the growth was observed in considerably saline medium, experiment to test
salinity tolerance was done with range of concentrations of NaCl from 0 g/L to
saturation. Optimum pH range for growth was determined by measuring optical density
of cultures grown on NB-MSW adjusted to different pH values 4, 4.5, 5, 5.5, 6, 6.5, 7,
7.5, 8, 8.5, 9, 9.5, 10. Negative control for each pH was also measured to account for
precipitation due to change in pH. Since the fracturing fluid and flowback are subjected
to various temperatures during the entire drilling operation, the bacteria may be exposed
to range of temperature conditions after introduction in fluid. Growth was observed at 4,
25, 37, 50 and 65 ºC and the optimum temperature for growth was determined. Negative
controls were run for all experiments. An analysis of variance (ANOVA) was performed
with Tukey‟s multiple comparison test for pH, salinity and carbon sources experiment.
Anaerobic Growth Experiment
NB-ASW medium was prepared without nutrient broth for anaerobic growth
experiment. 50 mL Wheaton glass bottles were used with 27 mL of medium. Oxygen was
removed from the medium by degassing using CO2 and N2 in 3:2 ratio of pressure for 5
minutes and head space degassed for 2 minutes to remove oxygen. The bottles were
capped by rubber stoppers and metal crimps before autoclaving. Lactate was used at 10
mM final concentration as the only electron donor. Sulfate, nitrate and arsenate were used
as electron acceptors separately at 10 mM, 10 mM, and 5 mM final concentrations
respectively. All the stock solutions of electron acceptors and donors were degassed and
then filter sterilized using syringe filters.
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Gram Staining
Gram-staining method was used to determine gram positive or gram negative
characteristic. Thin slide smears were prepared by spreading 10 µL of bacterial culture on
a clean glass slide in ½ inch area. The slide was air dried and cells were fixed by passing
over flame. Smear was stained by crystal violet solution for 20 seconds, washed with dI
H2O, then covered with gram‟s iodine for 1 minute. The solution was destained with 95%
ethanol for 20 seconds, washed with dI H2O and stained with safranin for 20 seconds.
Slides were blotted dry after staining and viewed under light microscope using oil
immersion lens.
3.4 Microscopy
Transmission Electron Microscopy
The cellular morphology, internal structure and biofilms were studied using light
microscopy using Nikon microphot SA phase-contrast microscope (Melville, NY, USA),
a JEOL 100cxx Transmission Electron Microscope and a Hitachi S-3400 Scanning
Electron Microscope respectively.
Bacterial morphology and surface characteristics were determined by using thin
section technique with transmission electron microscopy (TEM). Log-phase isolate
culture was used for sample preparation. Samples for TEM thin sections were fixed in
2.5% gultaraldehyde in 0.1M cacodylate and 0.25M sucrose at pH 7 overnight then rinsed
thrice with 0.1M cacodylate with 0.25M sucrose for 20 minutes each time to get rid of all
the gultaraldehyde. Samples were treated with 1% Osmium tetroxide in 0.5M sodium
acetate and kept for 2 hours under the hood and rinsed with 0.5M sodium acetate.
Samples were en bloc stained using filtered 0.5% uranyl acetate in water. Dehydration
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was carried out using series of ethanol rinses with 50%, 70%, 90%, 95%, and 100%
ethanol for 10-15 minutes each. 100% rinse was done twice following treatment with
propylene oxide for two times 15 min each. Next, samples were treated with propylene
oxide: spurr‟s (plastic solution) (1:1) for 1 hour and then polymerized in spurr‟s for 24-48
hours.
Elemental analysis of biofilms formed due to bacterial growth was done using a
Hitachi S-3400 scanning electron microscope. The biofilms were obtained by incubating
cultures at 37°C in glass test-tubes under static conditions for 3-4 weeks. The pellicle was
formed at the air-water interface which solidified due to precipitation. The specimen for
SEM was prepared by fixing biofilms in 2.5% gultaraldehyde. Ethanol rinses were used
for dehydration of fixed biofilms. Following series of ethanol rinses were applied: 70%
ethanol for 10 minutes, 95% ethanol for 15 minutes and 3 times 100% ethanol for 10
minutes each. After dehydration, specimens were chemically dried using HMDS
(hexamethyldisilazane). 2 parts100% ethanol and 1 part HMDS solution was used for
rinsing specimen for 15 minutes, followed by 1 part absolute ethanol and 2 parts HMDS
rinse for 15 minutes. Final rinse was given using only HMDS for 15 minutes. Specimens
were dried overnight in fume hood. Each specimen was attached to 15 mm stud for SEM
analysis. Scan for elemental analysis was performed using Brucker EBDS attached to the
SEM. Graph and images were processed with QUANTAX program provided by Esprit.
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Chapter 4 Results
4.1 Enrichment Culture of SWPA-1 Isolate
Isolated bacterial species did not show adequate growth on flowback medium
previously designed by L. Eastham (2012). The cells were growing slow indicating poor
growth conditions and increase in OD was observed to be very slow. No specific medium
for Bacillus firmus was found via literature research similar to FRAC medium in ionic
composition and pH range. Hence the NB-ASW medium was selected (Kim et al., 2007)
as basal medium for Bacillus firmus strain SWPA-1 isolate. Barium, iron and strontium
were added as chlorides to make NB-ASW medium qualitatively similar to FRAC
medium in ionic composition.
No precipitation was observed in the medium. The pH was adjusted between 6-6.5
to maintain close proximity with that of flowback water at the same time allowing the
culture to grow optimally.

4.2 Enrichment Growth Experiments
Growth Kinetics Experiment
Isolated cultures were grown aerobically in NB-ASW medium containing 8 g/L of
nutrient broth at 37° C. Nutrient broth alone was sufficient for adequate growth of
bacteria. The growth was observed by measuring optical density (OD) at 600 nm at
multiple time points to obtain a basic growth curve for SWPA-1 isolate. The OD grew
more than 1.4 after 48 hours. The log-phase started after about 7 hours of initial lagphase.
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Figure: 4.1: Growth of SWPA-1 isolate in NB-ASW Medium

Salinity Growth
Flowback water is comparable to highly saline brine in terms of TDS
composition. Thus, it was expected that the isolated bacterium would be able to survive at
high concentrations of TDS in the medium. Growth was tested on wide range of salinity
from 0 g/L to 250 g/L of salinity with 8 g/L of nutrient broth as substrate. Cultures were
inoculated in triplicate in NB-ASW medium with 0, 5, 10, 20, 40, 60, 80, 100, 120, 150,
200, and 250 g/L of sodium chloride. Increase in OD was observed over a wide range of
concentrations from 0-120 g/L of sodium chloride. The cultures grew in the range of 0.3
to 0.4 with the exception of 0.046 for 120 g/L sodium chloride. Initially cultures at
relatively lower salinities grew faster; after 48 hours statistically significant difference
was not observed using ANOVA for any concentration except for the medium with 120
g/L sodium chloride.
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Figure 4.2: Growth of SWPA-1 isolate under different salinity conditions(48 h)

pH Growth
Typical pH of hydraulic fracturing fluids may range from 6.5-10.5, depending on
the type of cross-linking polymer system used (Nimerick et al, 1997). However, pH
reduced significantly after fracturing operations. Hence, it was predicted that the
bacterium would be able to grow in alkaline to slightly acidic conditions. Growth was
tested in the pH range 4-10 with 0.5 unit intervals. pH of NB-ASW medium was adjusted
using 1M sodium hydroxide solution. The growth was observed from pH 5.5-9. OD
values ranged from 0.01 at pH 5.5 to 0.49 at neutral pH. Initially no growth was observed
at pH 8.5 and 9, but at the end of 48 hour the OD rose to 0.24, and 0.07 indicating
delayed growth.
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Figure 4.3: Growth of SWPA-1 isolate under different pH conditions (48 H)

Growth on Carbon Sources
Flowback water may contain variety of carbon sources such as guar gum,
polyacrylamide due to fracturing fluid compositions, and simpler compounds due to
degradation of complex organic compounds by bacterial populations. Multiple carbon
sources were tested for growth of SWPA-1 isolate. Cultures with 10 mM amended carbon
sources were monitored for 7 days for increase in OD. Initially no significant growth was
observed for any carbon sources, but after 144 hours, pyruvate and lactate cultures grew
to reach OD of above 0.3; which was more than double as that of control without any
carbon source amendment. An analysis of variance (ANOVA) was completed with
Tukey‟s multiple comparison to compare each condition against control. It that growth on
pyruvate and lactate was significantly more compared to control.
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Figure 4.4: Growth of SWPA-1 isolate on carbon sources (10 mM) (7 days) (NB-ASW
medium with 0.2 g/L nutrient broth instead of 8 g/L)

Temperature Growth
Bacteria present in hydraulic fracturing fluids may be exposed to different
temperature conditions during entire fracturing operation; including make-up stage,
fracturing, storage of flowback water in impoundments. Growth was tested at various
temperatures for SWPA-1 isolate in NB-ASW medium. No growth was observed at 4°C,
50° and 65°C after 48 hours. Bacteria grew well at 25°C, and 37°C, with highest OD of
0.6 at 37°C.
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Figure 4.5: Growth of SWPA-1 isolate at different incubation temperatures (48 hours)

Anaerobic Growth
No growth was observed under anaerobic cultures for any of electron
donors/acceptors tested.

4.3. 16S rRNA Gene Sequencing and Phylogenetic Analysis
16S rRNA gene sequencing was required for taxonomic identification of the
isolate. The 8F/1492R primer set, which is a universal primer set, was used for initial 16S
gene amplification of isolate DNA. Excellent results were obtained for isolate TA clones,
eliminating need to test other primer sets. 16S sequencing was done using PCR product
from amplification reaction. Several primers were tested for sequencing 8F/1492R
product including 8F, 341F, 515F, 534R, 926R, 1492R to sequence entire length of
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amplification product. Except 534 R and 926R, all primers gave good results. Sequences
for each primer were aligned separately and ends were trimmed to obtain accuracy.
Sequencing clones from isolate culture obtained from SWPA flowback enrichment
yielded sequences from Firmicutes on BLAST database. Majority of sequences were
similar to Bacillus genus, family Bacillaceae. The Closest relatives were Bacillus firmus
strains, showing max indent >98%. A master sequence (about 1400 bp) was generated by
joining partial 16S gene sequences obtained from various primers. This sequence was
compared against sequences of closest relatives and a Neighbor-Joining Phylogenetic tree
was prepared Figure 4.6. The sequence was very similar to Bacillus firmus, and Bacillus
oceanisedimins. The strains were obtained from various sources such as coral mucus, arid
soils, plant roots and hot springs from different regions around the world (as per
BLAST). Some strains were selected for preparing neighbor joining tree to obtain some
differences in base pairs as most sequences did not show any distinction from obtained
master sequence.
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Bacillus firmus strain XP8 (JN863907)

71
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SWPA-1 clone
Bacillus firmus strain J22N (JX490066)
Bacillus firmus strain SEP-5 (KF22890)
Bacillus firmus strain GY-30 (KC774008)

Bacillus firmus strain SAH2 (KC431017)

0.002
Figure 4.6: Phylogenetic tree of alignedsequencing results for the SWPA-1 isolate.
{The tree is rooted with outgroup Bacillus firmus strain SAH2 (KC431017). The
Evolutionary distances were computed by using Maximum Composite Likelihood
Method (Kumar Method). Digits on branches indicate bootstrap values.}
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Table 4.1: Comparison of Bacillus firmus Strain SWPA-1 with other Bacillus firmus
Strains and a marine isolate of Bacillus subtilis.
Characteristics

1

2

3

4

Rods

Rods

NA

Rods

Morphology:
Shape
Motility

-

NA

NA

-

Spore formation

+

+

+

+

Gram reaction

+

NA

NA

+

Glucose

-

+

+

-

Fructose

-

+

+

-

Glycerol

-

NA

NA

NA

Sucrose

-

NA

NA

-

Ribose

-

NA

NA

NA

Pyruvate

+

NA

NA

NA

Acetate

-

+

NA

NA

Lactate

+

NA

NA

NA

Sulfate

-

NA

NA

NA

Nitrate

-

NA

NA

NA

Arsenate

-

NA

NA

NA

Salinity (% NaCl)

0-12

NA

0-10

NA

pH range

5.5-9

7.5-10.5a

5.7-7.5

NA

Electron donors:

Electron acceptors:

Growth at:

Optimum pH

6.5-7.5

NA

NA

NA

Temperature (°C)

25-37

NA

15-50

NA

(1)Bacillus firmus strain SWPA-1 (2)Bacillus firmus RAB (Guffanti et al., 1986) (3)
Marine isolate of Bacillus subtilis (Ivanova et al., 1999) (4) Bacillus firmusAPIS272
(Reda, 2009).
+ positive, - negative, NA not available, a experiments were performed at those two pH
yielding same characteristics
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4.4 SEM Biofilm Imaging Results
The biofilm from Bacillus firmus strain SWPA-1 was imaged and analyzed with
the spectral scanner (Figure 4.7 and 4.8). The biofilm exhibits porous matrix structure.
The pore formation was evident. Spectral scan of biofilm produced multiple elemental
hits. Detected elements include calcium, potassium, strontium, barium, iron, and
phosphorus. The spectral heatmaps for each element showed fairly even distribution
throughout observed biofilm (figure 4.8).
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Figure 4.7 Scanning electron micrographs of Bacillus firmus strain SWPA-1 biofilm
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A

B

C

Figure 4.8 Biofilm elemental analysis via SEM-EBDS
(A)Target area of biofilm scanned by SEM (PMI Image size 512x384 Mag: 1000xHV:
15.0 kV) (B) Elemental heatmap overlaid on micrograph (C) Elemental spectral scan
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A.

B.

C.

D.

E.

F.

Figure 4.9: Spectral analysis of Bacillus firmus strain SWPA-1 biofilm target area.
(A) Strontium spectral scan (B) Barium spectral scan (C) Calcium spectral scan
(D) Phosphorous spectral scan (E) Iron spectral scan (F) Potassium spectral scan
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4.5 TEM Thin Section Imaging Results
Negatively stained samples of Bacillus firmus strain SWPA-1 were imaged and
analyzed by TEM. Cells were rod shaped, and no flagellum was observed. Thin sections
of specimen revealed internal microstructures of Bacillus cells (Figure 4.11).

Figure 4.10: Ultra structure of Bacillus firmus strain SWPA-1
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Chapter 5 Discussion
5.1 Characterization of Isolate
Even though the enrichment was cultured in FRAC medium, the isolate did not
grow well for further investigation. Cells grew abnormally long and the growth of culture
was very slow. Hence, the cultures were transferred to nutrient broth medium amended
with modified artificial sea water with high TDS. In spite of the higher salinity the culture
grew well with OD values reaching > 1. Additionally, it was hypothesized that the isolate
would be able to grow at high salinities and the microbe would be moderate to extreme
halophiles. The isolate grew well over a wide range of salinities (0-12% w/v). No
significant difference was observed in growth rates or OD values, suggesting that the
bacterium was able to cope with changes in salinity of surrounding medium. Growth at
0% NaCl does not represent low TDS conditions as magnesium, and calcium salts were
present at relatively high concentrations. Na efflux mechanism for surviving in
hypersaline conditions cannot be ruled out due to presence of sodium from sodium
bicarbonate in the medium. The growth of SWPA-1 isolate was completely inhibited
above 12% NaCl. The ranges tested show tolerance similar to moderate halophiles. This
confirms the hypothesis that isolated organism will be halophilic.
The bacterium was able to grow in pH range 5.5-9 under tested conditions, with
optimum growth in the pH range 6.5-7.5. This suggests that isolate SWPA-1 prefers near
neutral pH for growth, acidification reduces growth hence it may be one of the
pretreatment approach for control of this is other similar microorganisms present in
flowback water. No growth was observed at 50°C or above. Ambient temperature and
37°C incubation was preferred with maximum growth at 37°C. This is consistent with
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situation in the field, where flowback water is stored in open impoundments having
similar temperatures. Spore forming ability may allow this species to survive in warmer
downhole conditions, which then may proliferate when temperatures are more favorable.
Limited numbers of carbon sources were utilized by SWPA-1 isolate. Medium needed to
be modified reducing nutrient broth as it did not grow in absence of it. In literature it is
indicated that members of this species require amino-acid as minimal requirement.
Statistically significant growth was seen on pyruvate and lactate. These compounds may
be produced as a result of metabolic activities of other fermentative bacteria present in
the flowback water communities. This emphasizes importance of consideration of
bacterial communities rather than individual members separately for better management
of impoundments. Carbon source utilization and negative results for anaerobic growth
experiments negate the hypothesis regarding fermentative or facultative anaerobic nature
of the isolate.
On prolonged incubation, cell showed presence of endospores which is
characteristic of Bacillus sp. Also, the bacterium was able to form biofilms at medium-air
interface. These biofilms did not form immediately, hypothetically only after oxygen
depletion in the medium. Biofilms were not observed in cultures grown at lower salinities
(0-2 % NaCl). This suggests that it might be morphological adaptation by strain SWPA-1
to survive in hypersaline environment. SEM-EBDS analysis showed significant presence
of elements like calcium, strontium, barium, and iron. Scale formation in the form of
calcite (polymorph of CaCO3), barite (polymorph of BaSO4), strontianite (polymorph of
SrCO3), and iron sulfide (FeS) is not unknown in oil and gas industrial settings. Biofilms
are also thought to be a cause for bioplugging and corrosion in industrial equipment in
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unconventional drilling operation (Fichter et al., 2008). Formation of biofilms and spore
formation may also reduce effectiveness of biocide in controlling microbial communities.
(Morton et al., 1998). Precipitation and sorption of minerals such as calcite, and
strontianite have environmental applications and implications. Precipitation of these
minerals can be beneficial in groundwater aquifer decontamination and heavy metal
removal by co-precipitation (Gerlach et al., 2009, Ferris et al., 2003).

5.2 16S rRNA Gene Cloning and Phylogenetic Analysis
To determine the identity of isolated microorganism bacterial 16S sequencing was
done. Archael sequencing was avoided as previous study of SWPA enrichment cultures
did not reveal presence of archael species (Eastham, 2012). Clone sequences were most
similar to members of genus Bacillus, close resemblance with Bacillus firmus strains.
Even though data available on close relatives of Bacillus firmus strain SWPA-1 is
unpublished; it was found that those strains were isolated from various habitats as
mentioned further (ncbi database). Bacillus firmus Strain SEP-5 was obtained from a
sewage treatment plant in China, strain XP8 from copper mine tailing in West China.
Bacillus firmus strain J22N was obtained as endophytic microorganism from naturally
adapted plants in Ranns of Kutch, India. The Ranns of Kutch are salt laden flat lands,
flooded by sea water annually (Glennie and Evans, 1976). Strain SAH-2 of Bacillus
firmus was obtained from coral mucus in western coastal region of India.
Close association but longer branch lengths in Phylogenetic tree of Bacillus
firmus strain SWPA-1 with the above strains along with aerobic nature suggests that the
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likely origin of this microorganism could be from the surface rather than indigenous to
the Marcellus Shale formation.

5.3 Description of Bacillus firmus Strain SWPA-1
Cells are rods. Gram-staining reaction is negative. Colonies are smooth, circular,
and cream in color after 48-96 h incubation. Endospores are formed after prolonged
incubation. Grows in presence of 0-12% NaCl concentrations, optimally in 0-10% range.
No growth observed above 12% NaCl. Growth occurs at room temperature and 37°C, but
not at 4° C and 50° C. Grows in pH range 5.5-9, optimally in 6.5-7.5. Growth is enhanced
by addition of pyruvate and lactate in 10mM concentration in presence of 0.4 g/L nutrient
broth. Biofilms are formed at air-medium interface indicating production of EPS
material.
Importance of Bacillus firmus species in research:
Bacillus firmus species was named and described first by W. Werner in 1933
(Gordon et al., 1977). This microorganism belongs to phylum Firmicutes. Many research
studies are conducted on various strains of this organism for wide variety of purposes.
Acidic bioflocculant has been isolated from a soil isolate identified as Bacillus firmus,
which was shown to remove suspended material such as kaolin, charcoal from a
suspended matrix (Salehizadeh and Shojaosadati, 2002). Two thermostable xylanase
producing genes have been cloned into Escherichia coli from an alkaliphilic Bacillus
firmus (Chang et al., 2004). Xylanases are important in paper, pulp, and food industry
due to xylan degradation capability. Xylan is a major hemicellulosic component of
surface plants (Chang et al., 2004). Naturally occurring Bacillus firmus isolate 1582 is an
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active ingredient of a commercial nematicidal formulation approved by U.S. EPA. It is
clear that in general, Bacillus firmus is of great importance for industrial applications.
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Chapter 6 Summary and Future Directions
This study was conducted to isolate and characterize isolated microbial specie
from flowback water enrichment culture. Due to high TDS, and hydrocarbon composition
of flowback water, it was expected that the microorganism would be halophile or
halotolerant with specific adaptation to survive at higher salinities. Molecular analysis
indicated that the microorganism belongs to genus Bacillus, most closely related to
Bacillus firmus strain isolated from salt marshes or corals. Firmicutes, to which genus
Bacillus belongs, constitutes significant biomass in flowback water impoundments
(Mohan et al., 2013).
Many interesting results of this study may intrigue further investigation in the
future. Hydrocarbon degradation potential of Bacillus firmus strain SWPA-1 can be
tested, as this is of significant importance in bioremediation, for treatment of produced
water. Biofilm studies could be very useful, investigation of biofilm forming potential;
evaluating mineralization characteristics of this organism may present an opportunity for
aquifer bioremediation treatment for immobilization of heavy metals and coprecipitation. Also, biocide resistance of these biofilms can be studied to determine the
most effective composition and optimum concentration to be utilized for control.
Isolation and characterization of EPS from Bacillus firmus strain SWPA-1 may offer an
opportunity to develop natural flocculating agent for removal of suspended solids from
produced water.
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Appendix A: Sequence data
16S rRNA Gene Sequence of SWPA-1 isolate
CTTGTCTTTCTGAAGTCAGCGGCGGACGGGTGAGTAACACGTGGGCAACCTGCCTGTAAGACTGGGATA
ACTCCGGGAAACCGGGGCTAATACCGGACAATTCTTTCCCTCACATGAAGGAAAGCTGAAAGATGGTTTC
GGCTATCACTTACAGATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACG
ATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCATACGGGA
GGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGG
TTTTCGGATCGTAAAACTCTGTTTGTTAGGGGAAGAACAAGTACCGGAGTAAACTAAGCGGTTGTCCGG
AATTATTGGGCGTAAAGCGCGCGCAGGCGGTTCCTTAATGTCTGATAGTAGAAAGCCCCCGGCTCACCG
GGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGAAGAGTGGAATTCCACGTGTAGCGGTG
AAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGACTCTTTGGTCTGTAACTGACGCTGAGG
CGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAA
GTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAAACGCATTAAGCACTCCGCCTGGGGAGTACGGCC
GCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAA
GCAACGCGAAGAACCTTACCAGGTCTTGACATCTCCTGACAACCCTAGAGATAGGGCGTTCCCCTTCGGG
GGACAGGATGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAA
CGAGCGCAACCCTTCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTTACCAG
GTCTTGACATCTCCTGACAACCCTAGAGATAGGGCGTTCCCCTTCGGGGGACAGGATGACAGGTGGTGC
ATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAG
TTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACG
TCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGATGGTACAAAGGGCTGCGAGA
CCGCGAGGTTAAGCGAATCCCATAAAACCATTCTCAGTTCGGATTGCAGGCTGCAACTCGCCTGCATGAA
GCCGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACGTT
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